Scandium aluminum nitride alloy (Sc x Al 1¹x N) thin films were prepared using rf magnetron sputtering with a scandium aluminum alloy (Sc 0.42 Al 0.58 ) target on n-type (100) silicon substrates. We have investigated the effects of 4 sputtering control factors, which are substrate temperature, sputtering pressure, nitrogen (N 2 ) concentration and cathode power, on the piezoelectric constant d 33 of Sc x Al 1¹x N films using design of experiments. Consequently, it is statistically proved that N 2 concentration in sputtering gas is the most important control factor. The piezoelectric constant d 33 indicates the maximum value of 19.0 pC/N at N 2 concentration of 25%. The composition of Sc x Al 1¹x N films prepared under optimized sputtering conditions is Sc 0.38 Al 0.62 N, and there is the composition difference between the ScAl alloy target and the thin film. However, the piezoelectric constant of the Sc 0.38 Al 0.62 N film is coincident with that of Sc 0.38 Al 0.62 N films prepared by dual co-sputtering. Thus, it is possible to prepare high piezoelectric Sc x Al 1¹x N films by using the ScAl alloy sputtering target. ScAl alloy targets are effective for keeping scandium concentration constant in Sc x Al 1¹x N thin films.
Introduction
Scandium nitride (ScN) is a metal nitride semiconductor, and the crystal structure of ScN generally is rocksalt and nonpolar.
1)5) However, first principle calculations indicated that ScN wurtzite structure and the fabrication of Sc-IIIA-N nitrides are possible. 5),6) IIIA nitrides are AlN, GaN and InN, and the nitrides are wurtzite structure (polar). 5), 7) AlN has the highest piezoelectric property in the nitrides. 8) There are some experimental papers dealing with Sc x Al 1¹x N, published very recently.
9)13)
We have investigated the piezoelectric properties of Sc x Al 1¹x N thin films. In our recent papers we reported that Sc 0.43 Al 0.57 N films exhibits a piezoelectric constant of 27.6 pC/N, which is considered to be the highest reported to date for nitride semiconductors. 10 ), 11) The Sc x Al 1¹x N films were prepared by dual co-sputtering. 9) 12) It is difficult to keep scandium concentration in Sc x Al 1¹x N films constant for long time by dual co-sputtering, because the sputtering yields of scandium and aluminum are difference. Furthermore, mass production sputtering systems generally have only one cathode.
Design of experiments (DoE) is a mathematical statistical method, and clarifies the effects of control factors. DoE has been widely applied to scientific investigations, such as biometry, agronomy, analytical chemistry and process engineering. 14), 15) Furthermore, DoE is effective to optimize sputtering conditions for highly oriented LiNbO 3 and AlN thin films.
16), 17) In this study we report on the influence of 4 sputtering control factors on the piezoelectric constants of Sc x Al 1¹x N films using a ScAl alloy target. We have succeeded in preparing high piezoelectric Sc x Al 1¹x N films under optimized sputtering conditions determined from DoE.
Experimental
Sc x Al 1¹x N thin films (0.51.2¯m in thickness) were prepared on n-type (100) silicon substrates (600¯m in thickness) with a radio frequency (rf) reactive magnetron sputtering system (L-332-FH, Analva). The sputtering system employed a normal sputtering chamber with a 3 inch diameter 99.9% pure scandium aluminum (ScAl) alloy target (Composition Sc:Al = 42:58) disk (Furuya Metal Co., Ltd.). The sputtering chamber was evacuated to below 5 © 10 ¹5 Pa, and then high-purity argon (99.999%) and nitrogen (99.999%) gases were introduced. Before deposition, the ScAl alloy target was cleaned under same deposition conditions for 2 min with the shutter closed. Evaporated aluminum thin films (6 mm in diameter) and the silicon substrates, which electrical resistivity was below 0.02 ³ cm, were used as front and back electrodes for the piezoelectric constant d 33 measurements of Sc x Al 1¹x N thin films. The piezoelectric constant d 33 were measured with a piezometer system (PM100 Piezotest), which sandwiches the samples with two electrodes, which are spherical stamps in shape, in order to avoid the effect of substrate bending on piezoelectric charge induced by mechanical loading, as shown in Fig. 1. 18)20) The spherical stamps are 3.5 mm in diameter and 1.0 mm in radius. The piezoelectric constants were derived from applied load and produced charge. The crystal structures and crystal orientations of Sc x Al 1¹x N films were investigated by X-ray diffraction (XRD) with Cu K¡ radiation (M03X-HF, MacScience). The scandium concentration of the ScAl alloy target and Sc x Al 1¹x N films was analyzed with an energy dispersive X-ray (EDX) fluorescence spectrometer (EX-320S, Horiba). The surfaces of Sc x Al 1¹x N films were observed with a field emission scanning electron microscopy (FE-SEM) (S-4300, Hitachi). Substrate temperature, sputtering pressure, nitrogen concentration and rf cathode power were selected as sputtering control factors. In this study we used a L9(4 3 ) orthogonal array, because L9 orthogonal array is common one in process engineering. Table 1 lists the sputtering control factors and their levels. Table 2 shows the assignment of the L9 orthogonal array. We assumed that there are no interactions between the sputtering control factors and analyzed the results. Table 2 shows the piezoelectric constants of Sc x Al 1¹x N films prepared under the 9 sputtering conditions. The piezoelectric constants change in the range from 7.3 to 18.8 pC/N, clearly indicating the piezoelectric constants strongly depend on the sputtering conditions. We had investigated the dependence of the piezoelectric constants of Sc 0.43 Al 0.57 N films on the film thickness. When the film thickness was more than 0.4¯m, the thickness did not influence the piezoelectric constants. The thickness of the Sc x Al 1¹x N films is from 0.5 to 1.2¯m, and we think that the film thickness does not influence the piezoelectric constants. Table 3 shows the results of the piezoelectric constants analyzed by the AVOVA method. The symbol S is a fluctuation and represents the sums of squares of the deviations around means:
Results and discussion
Where x i is a value of the piezoelectric constants, " x is the overall mean of the piezoelectric constants. The S values of the four sputtering control factors were calculated according to the L9 orthogonal array as shown in Table 2. 14), 15) In the following expression symbol º represents degrees of freedom. The º values of the control factors are five because the factors have three levels as shown in Table 1 . The symbol V is the unbiased estimate of the variance of control factors:
The symbol F is a test statistic, F = V/V e . V e is the unbiased estimate of the variance of experimental error and is 0.38 according to Table 3 .
In general, a probability of 5% is considered to be quite low in the field of mathematical statistics. Therefore, if the F of a control factor is larger than F (º1, º2: 5%) , the control factor is recognized as a significant control factor. Where F (º1, º2: 5%) denotes the F statistic at 5% level with º 1 and º 2 obtained from the F distribution table, 15 ) º 1 and º 2 are the degree of freedom of a control factor and an experimental error, respectively. F (5, 4: 5%) = 6.26 according to the F distribution table. 15) The F statistics of the substrate temperature and the N 2 concentration in sputtering gas are 11.3 and 21.0, as shown in Table 3 . These F values are quite lager than F (5, 4: 5%) = 6.26; therefore, their effects are statistically accepted, and the substrate temperature and the N 2 concentration are significant control factors for the piezoelectric constant of the Sc x Al 1¹x N films. Especially, the F statistic of the N 2 concentration is the largest value, so that the N 2 concentration is the most important control factor in the examined range. It was reported that the most important sputtering control factor was cathode power or distance between a target and a substrate for preparing highly c-axis oriented AlN thin films.
17), 21) It is an interesting result that the N 2 concentration in sputtering gas is the most important control factor for the piezoelectric constant of the Sc x Al 1¹x N films. We think that the N 2 concentration strongly influences the nitriding rate of scandium and aluminum and the crystal orientation of Sc x Al 1¹x N films in the experimental condition, and the N 2 concentration become the most important control factor in this study. 22 ), 23) On the other hand, the F statistics of the sputtering pressure and the cathode power are smaller than F (5, 4: 5%) = 6.26. Thus the importance of the two control factors is not statistically accepted. Journal of the Ceramic Society of Japan 118 [12] 1166-1169 2010
Here, the effect means the difference between the mean of a level and " x. From the results of Table 4 , optimum sputtering conditions are that substrate temperature is 200°C, sputtering pressure is 0.3 Pa, N 2 concentration is 30% and cathode power is 300 W. Figure 2 shows the dependence of the mean piezoelectric constant on the substrate temperature and the N 2 concentration. The mean piezoelectric constant decreases with increasing the substrate temperature, and decreases with increasing the N 2 concentration. Since the N 2 concentration is the most significant control factor, we have investigated the effect of the N 2 concentration on the piezoelectric constants in more detail. The other three control factors were fixed; the substrate temperature was 200°C, the sputtering pressure was 0.3 Pa and the cathode power was 300 W. Figure 3 shows the dependence of the piezoelectric constants on N 2 concentration. The N 2 concentration strongly influences the piezoelectric constants. The maximum piezoelectric constant of 19.0 pC/N is obtained at a N 2 concentration of 25%. We analyzed the composition of the Sc x Al 1¹x N films prepared at a N 2 concentration of 25% with EDX. The scandium ratio x is 0.38, and the Sc ratio of the film is lower than that of the Sc 0.42 Al 0.58 alloy sputtering target. The maximum piezoelectric constant of 19.0 pC/N is consistent with that of Sc 0.38 Al 0.62 N films prepared by dual co-sputtering, and it is possible to obtain high piezoelectric Sc x Al 1¹x N films by using a ScAl alloy sputtering target. We think that the difference of scandium ratio between the film and the alloy target is due to sputtering yield, because the sputtering yield of scandium is lower than that of aluminum. Figure 4(a) shows the SEM photograph of the Sc 0.38 Al 0.62 N film surface. The film consists of many grains, which are about 100 nm in diameter. Figure 4(b) shows the XRD pattern and the rocking curve of the film. Only one peak is observed at 35.61°in the XRD pattern. The FWHM of the rocking curve is 2.3°. The peak position is lower than that of Sc 0.38 Al 0.62 N films prepared at a substrate temperature of 400°C by dual co-sputtering. 11) We think that the low peak position is due to a low substrate temperature of 200°C, because the peak position of Sc x Al 1¹x N films decreases with decreasing substrate temperature.
11) The FWHM is consistent with that of Sc 0.38 Al 0.62 N films prepared by dual co-sputtering. 10) These results indicate that it is possible to prepare the same Sc x Al 1¹x N films by using a ScAl alloy sputtering target as Sc x Al 1¹x N films prepared by dual co-sputtering.
Furthermore, we have investigated the dependence of scandium ratio in Sc x Al 1¹x N films prepared using the Sc 0.42 Al 0.58 alloy sputtering target on sputtering time. The scandium con- centration was 38 at.% after 7 h sputtering, and was 38 at.% after 120 h sputtering, as shown in Fig. 5 . The scandium concentration was constant during 120 h sputtering, indicating that a ScAl alloy target is effective for keeping scandium concentration constant in Sc x Al 1¹x N thin films.
Conclusions
In conclusion, high piezoelectric Sc x Al 1¹x N films were successfully prepared on n-type (100) silicon substrates using a Sc 0.42 Al 0.52 alloy sputtering target and DoE. Significant control factors for the piezoelectric constants of the films are both substrate temperature and N 2 concentration in sputtering gas. Especially, the N 2 concentration is the most important control factor. The maximum piezoelectric constant d 33 of 19.0 pC/N is obtained at a N 2 concentration of 25%. The composition of the film prepared under optimized conditions is Sc 0.38 Al 0.62 N. The maximum piezoelectric constant is consistent with that of Sc 0.38 Al 0.62 N films prepared by dual co-sputtering. It is possible to prepare the same Sc x Al 1¹x N films by using a ScAl alloy sputtering target as Sc x Al 1¹x N films prepared by dual cosputtering. Furthermore, a ScAl alloy target is effective for keeping scandium concentration constant in Sc x Al 1¹x N films.
